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A CELL-CENTERED FINITEVOLUME METHOD FOR FLUID FLOW IN
FRACTURED POROUSMEDIAAND ITSPARALLELIZATION
WITH OPENMP

WANG Lixiang LI Shihai MA Zhaosong FENG Chun
(Institute of Mechanics  Chinese Academy of Sciences Beijing 100190  China)

Abstract An efficient three-dimensional cell-centered finite volume method(ccFVM) on arbitrary grids was
developed for single-phase fluid flow in fractured porous media. The method was parallelized with OpenMP. With
that the pressure node was set at the center of the cell the model of spring-in-series was employed for spatial
discretization and the explicit difference scheme for temporal discretization. The dynamic relaxation technique was
used for the element-by-element iteration. The numerical tests indicated that the ccFVM was as accurate as FEM
but more efficient. The parallel procedure obtained a speedup of 4.0 on the CPU i17—3770 and a speedup of 4.2 on
the CPU 17—4770. High parallel efficiency of over 50% was achieved on both machines.

Key words computational mathematics three-dimensional cell-centered finite volume method single-phase fluid
flow in fractured porous media dynamic relaxation technique OpenMP-based parallelization discrete fracture

network
1 [1-2] [3] (4]
(3] (6] (7]
2014—07—21 2014—10—21
(973) (2010CB731506) (XDB10030303)
(11002146)
(1987—) 2010
E-mail omegal68@163.com (1958—) E-mail shli@imech.ac.cn

DOl 10.13722/j.cnki.jrme.2014.1049



* 866 2015

G L
Barenblatt ¥ 1960
2
[9] 2
1982 J.C.S.Long [
1992  B. Dverstorp M
(b)
(2] 1 2
[13] Fig.1 Control volumes of the two FVMs
[14]
[15]
[16-17] [18] [19]
[20] [21]
( 1(a))
( 1(b))
Y. Caillabet ! —
[23]
S. Granet ¥ — ®
o 2 2
M. Karimi-Fard Fig.2 Fluid flow mechanism of the two FVMs
[25] _
- AABC
AB  AC AABC
2 10a
AB AC AABC [26:27]
AABC 3 element-by-element

A B C AB AC —



34 5

OpenMP * 867
Q0 . 3 0,
[28] [29] Qj ( )8.(21] — Qi n -(2]- Ci q
[30] [31] [32]
Q  Q C, 8.(2,.1. d d
GG GG n, n
OpenMP o, 0 Q 3(a)
(b)
2
21
K . _
u, =-—-Vp, @ 00, @
a (H) n; ] n
K, ¢ @=—0O—=@ ¢
U, =———Vp; d; G 4
7]
u, U, ©
Ko Ke H 3 2
Pm Pt Fig.3 Geometrical representation of two adjacent cells
3 &Qij
Ql/ Qi 0 j bi D
V.u +q. :¢mcag;;n 2 cC, GG (1)
Kl Ki po pi
um =T o — (_dl) (5)
t qm ¢m i H; Di
c K. K. p -
u, =-—LVp, =——LEteq, ©)
“, D,
J J J
#i=l n G D, D, G,
oy +g =g L G CG
6Qy.
UR AK d. -n
D ©=0 =], U (NS =ZH=ER e - p) ()
T. Snow™ 1966
NS (34 =0, = nas =K 9 8
0,=0,=,, u,nds= =5 (p,-p;) 8
b2
t»=E (4) av:&d[.n[
l ﬂt Dt'
’ ©)
2.2 4K, d; -n,
a. =
2 " w, D



* 868 2015
(7 ®) (16)
0,=0,=a(p,—p,) (10) pl ) ¢ [Q Z (ol =P (17)
Qij :on :aj(po _pj)
2 n i o' n
( 4) i v, i
Q,,:Z,(p,_]?j) (11) (17)
T, iJ
24 —
a,.aj
T, = o (12) 6 mi fi
6 mi
FV kl Axt 0 kzr AX, FH mk( 6 k = 2 3)
’ ! fi fi mi mj
Q, alp,—>p,) alp,—p) O,
fC 6 j=112)
4
Fig.4 Analog chart of spring-in-series model
mk
2.3 / o ® o
[ (V-u+g)dr=0 (13) mk v mi ik
. o 4 e
a i
j V.udy = []1 u-nds =3 T,(p, - a4 T =
0= qdv 1
g o & | o
Q[:Zj]:j(pi_p‘/) (15)
6 —
Fig.6 Fluid flow in matrix-fracture
@ | I o
a7 mi
o——0—o A
- = +1 t n
"= - T. . - 18
pml pm’ ¢micmil/mi [Qm’ j:%:ﬁ " j(p”” pj )] ( )
J
® ® ® Pt =P+ [Qf 2 T (pp=p)l (19)
¢f fi J=f mi mj
> / T ) mi jG=f mi mj)
Fig.5 All cells; adjacent to cell i . .
vy fi JG =4 mi
@ 0 )
25

(15)

n+l1 n
[, #eP A =0 =3 (ol =P (16)



34 5 OpenMP * 869
7 21) (18)
- (19)
—@—T0—@—0——0—
® ® ® o 3 OpenMP
Y ® ® ® 3.1 OpenMP
OpenMP(Open Multi-Processing)
APIP!
o [ o [
Windows Linux
LIt B LI Mac OS OpenMP C
7
. C++  Fortran OpenMP Sun
Fig.7 Boundary treatment
Compiler GNU Compiler Intel Compiler
C++ Windows
OpenMP
. Pragma
i
Do Oy (15)
0= . L(p-p)+ay(p-p)+0, (20) 32 OpenMP
) 9
@ i ()
(20)
(17) (19)
2.6
(15) 8
n
( ) " <_ >
]
= (f"af Q1) ] ay ey
2% I TR
k=1
] an ay
1
— o—: D
9
Fig.9 Flow chart of the algorithm
J
8 n
Fig.8 Intersecting of multiple fractures 3



2015

870«
5 1
1 5
Table 1 Five parallel functions
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Fig.10 Parallel processing for pore seepage pressure
calculation
s & for’ >
““int”~ ““size t7”
4
41
11 p.=50kPa
Pw =20 kPa R.=50m R,=20m
R1:35m K1 K2 3 (I)Kl =

K2:K

K=1.0x10"m?

pi= 2 —(—
’uln[RlJ+'uln(ReJ h{
Kl R K2 Rl 1

1=1.0x10"Pa-s

W

pw+aKaR(pe_pw) (Rw FSRI)
p(r)= (22)
pw+(aK+ﬂKﬂR)(pe_pw) (Rl r Re)
12

p/kPa

Fig.12

4.2

50 ¢
1

45 + *

-
40

M o KK Ml

i — K =KHiH#

* K <K ¥l
0 —— K <KW

B K SK R
sk oJw v K >K Big i
20 ' I | I

20 25 30 35 40 45 50

12
Comparison between numerical and analytical results

of steady flow in matrix

13 L=10m



34 5 OpenMP 871«
1 m 4.3
10 kPa 0 kPa 3
¢=5.0x10"Pa" $=02 15 100 m
K=1.0x10" m’ p=1.0x10"Pa-s 0.001 m
10x10
15 H, 5=200m 6
p(x =p, 1—ﬁ—3ie”ﬁ(lsm@J 23) 10 Hy »,=100m H -
L =n5 n L
1 m/d Hs 1 c =
7.0x10 ° Pa ! w=1.0x10 *Pa-s
x = Kl(ugc) p =1.0x10* kg/m’ 2=9.8 m/s’ 15
7=0.1m’s 11 19 b6l
16
p,=10kPa p,=0kPa
x=0 Py

13
Fig.13 Model for unsteady flow in matrix

x=25 55 8.5m
14
14
8 -
7 L
— r=2.5 m¥fE
6F —8— x=25 mBEHE

5 L

of

24t

& —— x=5.5 m¥ i
it —¥— ¥=5.5 mEifR
2 L

1 —4 =85 m¥{AM
0 i . . ——x=85 m.ﬂiﬁﬁ )
[4] 100 200 300 400 500 600
tls
14

Fig.14 Comparison between numerical and analytical results
of unsteady flow in matrix

15

Fig.15 Calculation model of a discrete fracture network
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Table 2 Comparison between presented and reference heads 10> m
20d 40d 60 d 80d
361 ;361 361 361 361
11 1.50 1.49 1.40 1.39 1.30 1.29 1.20 1.20 1.10 1.10
12 1.50 1.44 1.40 1.35 1.30 1.27 1.20 1.18 1.10 1.09
13 1.50 1.49 1.40 1.39 1.30 1.29 1.20 1.20 1.10 1.10
14 1.50 1.44 1.40 1.35 1.30 1.27 1.20 1.18 1.10 1.09
15 1.50 1.47 1.40 1.37 1.30 1.28 1.20 1.19 1.10 1.09
16 1.50 1.47 1.40 1.37 1.30 1.28 1.20 1.19 1.10 1.09
17 1.50 1.47 1.40 1.37 1.30 1.28 1.20 1.19 1.10 1.09
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Table 4 Comparison of the running time
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